Abstract
Introduction
Diabetic nephropathy (DN) is one of the major causes of end-stage renal disease, and the incidence of DN is increasing worldwide. However, the pathogenesis of this disease remains unclear, and there is currently no effective drug to reverse the resulting renal damage. Thus, there is an urgent need for a new therapeutic method to block DN progression.
Autophagy is a lysosome-dependent bulk degradation process that is highly conserved from yeasts to mammals. Autophagy is involved in the clearance of long-lived proteins, damaged and excess organelles, and intracellular pathogens to maintain the cellular dynamic balance and integrity of cells. LC3II has recently been suggested as a marker for autophagosome formation, and p62/SQSTMI has been implicated as a marker for autophagolysosome degradation [1] [2] [3] . In DN, the need for cellular protective function through autophagy increases, reflecting not only a decrease in autophagocytic capacity but also a high level of cellular stress and the generation of excess metabolic products [4] . Phosphoinositide 3 kinase (PI3K)/protein kinase B (Akt)/mammalian target of rapamycin (mTOR) signaling is a classic negative regulatory pathway for autophagy. PI3K is an upstream regulatory factor in AKT activation. Activated AKT phosphorylates the downstream mTOR, which plays a central role in cell hypertrophy, growth, and survival and protein synthesis [5] . Phosphatase and tensin homolog (PTEN) activation inhibits AKT/mTOR signaling, and current studies have confirmed that microRNA (miRNA)-21 targets PTEN to activate the AKT/mTOR pathway, which plays an important role in the key pathological damage observed in DN [6, 7] .
Ursolic acid (UA) is a pentacyclic triterpenoid compound used in Chinese herbal medicine. UA exhibits anti-tumor, anti-angiogenesis, liver protective and lipid-lowering effects, inhibits reactive oxygen species (ROS) formation, and has few toxic side effects [8] [9] [10] [11] [12] [13] [14] [15] . Recent studies have reported that the anti-oxidant functions of UA inhibit lipid peroxidation in a gentamicininduced renal injury rat model, thus exerting an additional renal protective function [16] . A previous study demonstrated that UA inhibits cell proliferation and induces apoptosis through the inhibition of miRNA-21 expression in the U251 glioblastoma cell line [17] . This study was the only report on the regulation of miRNA expression through UA. However, whether UA inhibits miRNA-21 expression in mesangial cells has not been reported. The aim of the present study was to investigate whether UA inhibits the up-regulation of miRNA-21 expression in mesangial cells under high-glucose (HG) conditions, thus up-regulating the expression of the target gene PTEN to inhibit the activation of the PI3K/Akt/mTOR signaling pathway and induce autophagy, thereby decreasing the accumulation of the extracellular matrix and exerting a renal protective effect.
Materials and Methods

Cell culture and grouping
The rat mesangial cell line HBZY-1 was purchased from the China Center for Type Culture Collection and cultured in low-glucose Dulbecco's modified Eagle's medium (DMEM; Hyclone, USA) containing 10% fetal bovine serum (FBS; Hyclone,USA), 100 U/ml penicillin, and 100 U/ml streptomycin. The cells were routinely cultured at 37°C and 5% CO 2 with saturated humidity. The cells were digested and passaged when the cell confluence was greater than 85%. At 24 h after passaging and cell attachment, the cells were divided into the following groups: A, the normal-glucose group (NG), which received 5.5 mmol/L glucose (Sigma); B, the hypertonic control group (MA), which received 5.5 mmol/L glucose+19.5 mmol/L mannitol (Sigma); C, the high-glucose group (HG), which received 25 mmol/L glucose; D, the LY294002 intervention group (LY294002), which received 25 mmol/L glucose+5 μmol/L LY294002 (CST; Sigma); and E, the UA intervention group (UA), which received 25 mmol/L glucose+2.5 μmol/L UA (Sigma).
Detection of cell survival and proliferation capacity using an MTT assay
Mesangial cells were plated into 96-well plates at a density of 3×10 3 cells/well. After attachment for 24 h, the culture medium was replaced according to their grouping, and the cells were cultured for an additional 24, 48, or 72 h. The supernatants were discarded, and 200 μL of culture medium containing 0.5% 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma) was added to each well. After culturing for another 4 h, the culture medium was carefully removed, and 150 μL of dimethyl sulfoxide (DMSO; Sigma) was added to each well. The cells were placed in an incubator and vortexed at a low speed for 10 min to fully dissolve the crystals. The optical density (OD) of each well at 490 nm was measured using a microplate reader to calculate the cell proliferation using the following formulas: cell viability = (OD(Experimental Group)/OD(Control Group)) × 100%,proliferation rate = OD(Experimental Group)-OD(Control Group)/ OD(Control Group), and inhibition rate = OD(Control Group)-OD(Experimental Group)/ OD(Control Group).
Determination of cell hypertrophy as the amount of total protein/cell number
Mesangial cells were plated into 6-well plates and cultured in serum-free culture medium containing a normal glucose concentration for 24 h to synchronize the cells. Subsequently, the cells were cultured with medium from each group for 24, 48, and 72 h. The cells were digested with trypsin, and a small portion of the intact living cells was stained with trypan blue and counted using a hemocytometer. The other cells were lysed in radioimmunoprecipitation assay (RIPA) buffer, and the total protein concentration was measured using the bicinchoninic acid (BCA) method. The total protein/cell number (micrograms of protein/10 4 cells) was calculated.
Real-time PCR detection
The total RNA from the cells in each group was extracted and transcribed into cDNA using random primers and mouse mammary tumor virus (MMTV) reverse transcriptase. The reverse-transcribed cDNA was used as a template for polymerase chain reaction (PCR) amplification using Taq DNA polymerase. The primer sequences used in the present study are listed in Table 1 . The following reaction conditions were used: pre-denaturation at 94°C for 5 min, followed by 40 cycles of denaturation at 95°C for 10 s, annealing at 60°C for 30 s, and extension at 72°C for 30 s. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control. The relative mRNA expression was quantified through a comparison of the cycle threshold (Ct) values. The experimental data were processed using the 2 -ΔΔCt method: ΔΔCt = (Ct target-Ct internal control) experiment group-(Ct target-Ct internal control) normal control group. Each experimental group was repeated 3 times.
Western blotting
Total protein was extracted from the cells in each group using pre-cooled RIPA lysis buffer containing protease inhibitors. Protein concentrations were determined using the Micro BCA Protein Kit. Approximately 30-50 μg of total protein was separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Subsequently, the proteins were transferred onto a nitrocellulose membrane. The membrane was blocked in 3% bovine serum albumin (BSA) at room temperature for 1 h, followed by incubation with different primary antibodies for 4 h with slow shaking and additional incubation at 4°C overnight. The primary antibodies included the following: anti-PTEN (Santa Cruz, 1:300 dilution); anti-p85 PI3K (CST, 1:800 dilution); anti-pAKT (CST, 1:800 dilution); anti-tAKT (CST, 1:800 dilution); antipmTOR (CST, 1:500 dilution); anti-type I collagen (Proteintech, 1:500 dilution); anti-LC3II (CST, 1:500 dilution); and anti-p62/SQSTMI protein (CST, 1:500 dilution). GAPDH (Proteintech, 1:2000 dilution) was used as an internal control. The membrane was washed 3 times with Tris-buffered saline containing Tween-20 (TBST) for 10 min and subsequently incubated with secondary antibody (Proteintech, 1:20,000 dilution) at room temperature for 1 h. After washing 3 times with TBST for 10 min, the membranes were developed using an enhanced chemiluminescence (ECL) solution and scanned. Semi-quantitative analysis was performed using ImageJ image analysis software.
Transmission electron microscopy
The cells from each group were digested after 48 h of culture, followed by centrifugation, and the floating cells were collected. The cells were washed twice with cold PBS and fixed in 5% glutaraldehyde. Subsequently, the cells were conventionally dehydrated, embedded, sectioned, and stained, and the formation of autophagosomes was observed using transmission electron microscopy. The number of intracellular autophagosomes in every ten fields was counted.
Statistical analyses
The experiments were repeated 3 times. The quantitative data are presented as x±s. The Statistical Package for Social Science (SPSS) 17.0 software was used for analysis. Comparisons among multiple groups were performed using one-way analysis of variance (ANOVA). Pair-wise comparisons were performed using the t test. P<0.05 indicated that the observed difference was significant. Results
Inhibition of HG-induced abnormal hypertrophy and mesangial cell proliferation through UA
(1). Compared with the normal glucose control group, there was no obvious proliferation of the cells cultured under HG conditions for 24 h; however, after 48 h of culture, the proliferation rate significantly increased (P<0.01). Compared with the HG group, the proliferation rates of the cells in the intervention groups treated with UA at concentrations of 5.0 and 7.5 μmol/L were significantly decreased after 24 h (P<0.01). The cell proliferation in the intervention group that received 1.5-2.5 μmol/L UA was significantly decreased after 48 h (P<0.01). The proliferation rate in the LY294002 group was significantly decreased after 24 h (P<0.01). The maximum inhibition ratios for the cells in the intervention groups treated with UA at concentrations of 5.0 and 7.5 μmol/L and the LY294002 group were 26%, 30% and 8%, respectively; But did not reach the half maximal (50%) inhibitory concentration (IC50) level. The proliferation rates between the hypertonic and the normal glucose control group were not significantly different at any time point, indicating that the abnormal cell proliferation induced through HG was not caused by high osmotic pressure (Fig. 1) . The cell proliferation rate in the 2.5 μmol/L UA intervention group was significantly lower than that in the HG group, but this rate was not lower than that observed in the normal glucose control group. Therefore, the optimal UA concentration selected for this study was 2.5 μmol/L.
. Compared with normal glucose control group, the amount of total protein and the degree of hypertrophy in the hypertonic group were not significantly different. The total protein and degree of hypertrophy in cells cultured under HG conditions for 24 h were both significantly increased (P<0.01). Compared with the HG group, the total protein in the cells in the UA intervention group was significantly decreased after 24 h (P<0.01), whereas the degree of hypertrophy was significantly decreased after 48 h (P<0.01). The total protein and degree of hypertrophy in the LY294002 group were both decreased after 24 h (P<0.05; Fig. 2 ).
Down-regulation of the expression of type I collagen in mesangial cells cultured under HG conditions after UA treatment
The expression of type I collagen mRNA and protein in mesangial cells was detected using reverse transcriptase quantitative PCR (RT-qPCR) and western blotting. The results showed that the expression of type I collagen mRNA and protein was significantly increased in mesangial cells after culture under HG conditions for 24 h compared with the normal glucose control group (P<0.01). The expression of type I collagen in the cells in the hypertonic group was not significantly different from the expression in the normal glucose control group at any time point. Compared with the HG group, the type I collagen mRNA and protein expression in the UA intervention group was significantly decreased after 24 and 48 h, respectively (P<0.01). The type I collagen expression in the mesangial cells in the LY294002 group was significantly decreased after 12 h of culture (P<0.05; Fig. 3 ).
Attenuation of HG-induced inhibition of autophagy in mesangial cells through UA
The expression of p62/sequestosome-1 (SQSTM1) mRNA in mesangial cells was detected using RT-qPCR, and the expression of the p62/SQSTMI and LC3II proteins was detected using western blotting. The results showed that the expression of p62/SQSTMI mRNA and protein in mesangial cells cultured under HG conditions for 24 h was significantly up-regulated compared with the normal glucose control group, whereas the expression of LC3II was significantly down-regulated (P<0.01). The expression of p62/SQSTMI and LC3II in the hypertonic group at different time points was not significantly different compared with the normal glucose control group. Compared with the HG group, the expression of p62/SQSTMI mRNA in mesangial cells in the UA intervention group was significantly down-regulated after 24 h, whereas the expression of p62/SQSTMI protein was significantly down-regulated and LC3II protein was significantly up-regulated after 48 h (P<0.01). After culturing for 12 h, the expression of p62/ SQSTMI mRNA and protein in the LY294002 group was significantly down-regulated, whereas the expression of LC3II protein was significantly up-regulated (P<0.01; Fig. 4 ). 
Transmission electron microscopy reveals the inhibition of HGinduced autophagosome reduction in mesangial cells through UA
After 48 h of culture, the intracellular autophagosome formation in the cells from each group was examined through transmission electron microscopy. The number of autophagosomes in every 10 fields was counted. Compared with the normal glucose control group, the number of autophagosomes in the mesangial cells in the HG group was significantly decreased (P<0.01). The number of autophagosomes in the mesangial cells in the hypertonic group was not significantly different compared with the normal glucose control group. Compared with the HG group, the number of autophagosomes in the UA and LY294002 groups was significantly increased (P<0.01; Fig. 5 ).
5. Inhibition of HG-induced up-regulated miRNA-21 expression, downregulated PTEN expression, and PI3K/AKT/mTOR signaling pathway activation through UA 1. Compared with the normal glucose control group, miRNA-21 expression was significantly up-regulated, and PTEN mRNA expression was significantly down-regulated in mesangial cells cultured under HG conditions for 12 h (P<0.01). The expression of miRNA-21 and PTEN mRNA in the hypertonic group at different time points was not significantly different compared with the normal glucose control group. Compared with the HG group, miRNA-21 expression was significantly down-regulated in the UA intervention group after 12 h, whereas PTEN mRNA expression was significantly up-regulated after 24 h (P<0.01). The expression of miRNA-21 and PTEN mRNA in the LY294002 group at different time points was not significantly different compared with the HG group (Fig. 6 ).
2. The expression of PTEN, p85 PI3K, pAKT, tAKT, and pmTOR was detected using western blotting. The results indicated that the PTEN expression in the mesangial cells cultured under HG conditions was significantly down-regulated after 12 h, whereas the expression of p85 PI3K, pAKT, and pmTOR was significantly up-regulated after 24 h (P<0.01). The expression of PTEN, p85 PI3K, pAKT, and pmTOR in the hypertonic group at different time points was not significantly different from the normal glucose control group. Compared with the HG group, PTEN expression was significantly up-regulated in the UA intervention group after 48 h, whereas the expression of p85 PI3K, pAKT, pmTOR was significantly down-regulated (P<0.01). After culture for 12 h, the expression of p85 PI3K, pAKT, tAKT, and pmTOR in the mesangial cells in the LY294002 group was significantly decreased (P<0.01), whereas the expression of PTEN at different time points was not significantly different compared with the HG group (Fig. 7) .
Discussion
Recent studies have indicated that UA inhibits tumor cell growth through the inhibition of the Akt/mTOR signaling pathway [18] [19] [20] . UA also improves streptozotocin (STZ)-induced glomerular hypertrophy and the increased extracellular matrix in DN rats through inhibition of the activation of the signal transducer and activator of transcription (STAT) 3, extracellular signal-regulated kinases (ERK)1/2, and c-Jun N-terminal kinase (JNK) pathways [21] . However, the specific renal protective mechanisms of UA remain unclear. Currently, it remains unknown whether UA exerts renal protection effects through the inhibition of miRNA-21 expression in mesangial cells.
Renal enlargement, one of the first structural changes in DN, reflects the hypertrophy of existing glomerular and tubular cells rather than cellular proliferation [22] [23] [24] [25] . A large number of studies have confirmed that the activation of the Akt/mTOR signaling pathway plays an important role in DN pathogenesis [26] [27] [28] [29] [30] . The activation of the Akt/mTOR signaling pathway leads to cell hypertrophy, the accumulation of extracellular matrix, and resident renal cell injury. Previous in vivo studies have shown that decreased PTEN expression and PI3K/Akt pathway activation promote DN occurrence and development [31] . The results of the present study confirmed that PTEN expression was significantly decreased in mesangial cells cultured under HG conditions after 12 h. We also demonstrated that the abnormal activation of the PI3K/Akt/ mTOR signaling pathway and abnormal cell hypertrophy occurred after 24 h, and abnormal cell proliferation was observed after 48 h. The results of the present study also confirmed that cell hypertrophy occurs before cell proliferation. Indeed, the results of the present study showed that PTEN expression was significantly up-regulated at 48 h after UA treatment. In addition, the activation of the PI3K/Akt/mTOR signaling pathway was also inhibited, and mesangial cell hypertrophy and proliferation was improved at 48 h after UA treatment. After 24 h of LY294002 treatment, the activation of the PI3K/Akt/mTOR signaling pathway was significantly inhibited, but PTEN expression was not affected. These results indicate that UA might inhibit the activation of PI3K and the Akt/mTOR signaling pathway through PTEN upregulation. Future studies should use PTEN inhibitors to determine whether UA inhibits the activation of the Akt/mTOR signaling pathway through PTEN up-regulation.
Current studies have shown that the PI3K/Akt/mTOR signaling pathway is abnormally activated in the kidneys of diabetes mellitus patients; however, the specific mechanism underlying this activation remains unclear. Increasing evidence indicates that miRNA plays important roles in the activation of the PI3K/Akt/mTOR signaling pathway. Current studies on diabetic processes indicate that miRNA-216, miRNA-217, and miRNA-21 target PTEN [6] , and the miRNA-200 family targets friend of GATA (FOG)2 [32] to activate the Akt/mTOR signaling pathway, thereby mediating DN occurrence and development. Dey et al. [33, 34] showed that HG and transforming growth factor (TGF)-β increase miRNA-21 expression, while miRNA-21 targets the 3'-untranslated region (UTR) of PTEN mRNA to inhibit PTEN protein expression. The over-expression of miRNA-21 decreases PTEN expression and simultaneously activates the Akt/mTOR signaling pathway, thereby inducing mesangial cell hypertrophy and mesangial matrix expansion. In contrast, the inhibition of endogenous miRNA-21 expression blocks HG-induced PTEN down-regulation and Akt phosphorylation. These results suggest that miRNA-21 participates in the occurrence of key pathological injuries in DN through a reduction in the level of the target protein PTEN and the activation of the Akt/mTOR pathway. The results of the present study showed simultaneous miRNA-21 up-regulation and PTEN down-regulation in mesangial cells after 12 h of culture under HG conditions, thus activating the Akt/mTOR pathway. UA treatment significantly inhibited HG-induced miRNA-21 upregulation after 12 h and up-regulated PTEN mRNA expression after 24 h, resulting in upregulated PTEN protein expression and the inhibition of the Akt/mTOR pathway after 48 h. Treatment with LY294002 also induced miRNA-21 up-regulation and the down-regulation of PTEN expression after 12 h, and these changes were not significantly different compared with the HG group. These results indicate that HG up-regulated miRNA-21 and PTEN expression to activate the PI3K/Akt/mTOR pathway. In addition, UA up-regulated PTEN mRNA and protein expression through the inhibition of miRNA-21 up-regulation, thus inhibiting the abnormal activation of the Akt/mTOR pathway and attenuating mesangial cell injury induced through HG.
Autophagy [35] is tightly regulated to ensure an optimal balance between synthesis and degradation and the use, storage and recycling of cellular products. Autophagy also plays an important role in the maintenance of renal cell function. The balance between the synthesis and degradation of extracellular matrix (ECM) [36] proteins is crucial to maintain tissue homeostasis. The continuous production and progressive accumulation of the ECM hallmarks renal fibrosis in DN. Collagens are the primary components of the ECM in the kidney, and type I collagen, produced from mesangial cells, is primarily associated with disease states [37] [38] [39] . Recent evidence suggests an additional mechanism by which I collagen, a major ECM component, undergoes intracellular degradation through the induction of autophagy [40, 41] . Recent studies have indicated that the deregulation of autophagy and the pathogenesis of DN are closely associated. When autophagy is down-regulated under energy-rich conditions, the longterm inhibition of autophagy results in organelle injury and the accumulation of products destined for degradation [42] . Previous studies have shown a reduction in autophagy functions in animal models of diabetes mellitus and in mesangial cells cultured under HG conditions. When injured or senescent organelles (such as mitochondria) or macromolecules (such as proteins) in cells cannot be efficiently cleared, large amounts of these substances accumulate inside cells, aggravating cell injury and promoting senescence [43, 44] . Kim et al. showed that autophagy degraded excess type I collagen and decreased the accumulation of extracellular matrix in kidney cells, thus attenuating renal fibrosis and protecting these cells [45] . A recent study showed that UA induces autophagy in cervical cancer cells, thereby inhibiting cancer cell growth [46] . The results of the present study showed that the expression of type I collagen and p62/SQSTMI was increased and the expression of LC3II was decreased in mesangial cells after 24 h of culture under HG conditions, indicating that the production of type I collagen increased with decreasing autophagy function. Treatment with UA decreased the expression of type I collagen and p62/SQSTMI mRNA after 24 h, whereas the expression of type I collagen and p62/SQSTMI protein was decreased and the expression of LC3II protein was increased after 48 h. These results indicate that UA significantly enhances autophagy functions in cells and simultaneously decreases the accumulation of type I collagen. Future studies will investigate whether UA directly affects the expression of autophagy-related genes or specific miRNAs, such as miR-196, miR-101, and miR30A, which in turn regulate the expression of autophagyrelated genes.
In summary, the results of the present study demonstrated that the up-regulation miRNA-21 expression, down-regulation of PTEN expression, and abnormal activation of the PI3K/ Akt/mTOR signaling pathway occur in mesangial cells cultured under HG conditions, thereby decreasing autophagy and increasing the accumulation of type I collagen in mesangial cells, resulting in abnormal hypertrophy and cell proliferation. Through the inhibition of miRNA-21 expression, UA treatment up-regulated PTEN expression, inhibited PI3K/Akt/mTOR signaling, attenuated mesangial autophagy inhibition under diabetic conditions, reduced abnormal hypertrophy and mesangial cell proliferation, reduced type I collagen accumulation, and exerted a renal protective function (Fig. 8) . The results of the study from other members of our research group have indicated that UA Inhibits mesangial cell proliferation and induces apoptosis through the inhibition of HG-induced up-regulated anti-apoptotic factor Bcl-xl expression, down-regulated pro-apoptotic factor Bax expression and AKT/mTOR signaling pathway activation. These results indicate UA inhibits high glucose-induced mesangial cell proliferation, probably through the combination of inducing autophagy and apoptosis. Thus, UA might represent a valuable therapeutic drug to block the progression of DN, specifically targeting PI3K/ AKT/mTOR activation. Next, we will perform further in vivo experiments, transfecting miRNA-21 over-expression plasmids and knockout plasmids to verify the mechanisms underlying the renal protective functions of UA.
